Introduction {#sec1}
============

Systemic administration of adeno-associated virus (AAV) vectors has been utilized in preclinical studies to transduce a number of tissues, including liver parenchyma,[@bib1], [@bib2], [@bib3] skeletal muscle,[@bib4], [@bib5] and CNS.[@bib6] Recent promising data from hemophilia clinical trials have confirmed that peripheral administration of AAV vectors can efficiently transduce the liver, resulting in therapeutic levels of transgene expression.[@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12] However, due to exposure to wild-type AAV, a relatively large proportion of humans carry circulating antibodies directed against the AAV capsid.[@bib13], [@bib14] When anti-capsid antibodies target viral epitopes critical for cellular entry, they can block virus infectivity and are deemed neutralizing antibodies (NAbs).[@bib15], [@bib16], [@bib17] NAbs can have a profound effect on the efficiency of tissue transduction with AAV vectors, as even low titers of NAbs can result in lack of efficacy following gene transfer.[@bib9], [@bib18] Depending on the AAV serotype and the age of the donor, the proportion of subjects positive for anti-AAV antibodies can be up to ∼60%, with only a small window of time after birth during which the vast majority of individuals are naive to the virus.[@bib19], [@bib20], [@bib21] Furthermore, after exposure to AAV vectors, humans become immunized against the capsid and develop high titers of NAbs that persist long term.[@bib22] The impact of pre-existing humoral immunity to AAV on the outcome of gene transfer in terms of safety and efficacy is only partially understood. Experience in human trials suggests that, above a certain level, NAbs simply prevent AAV vector transduction and consequently transgene expression.[@bib9] Beyond this observation, the clinical significance of pre-existing humoral immunity in influencing AAV vector biodistribution and clearance is still elusive. Studies in non-human primates indicate that low levels of capsid-specific NAbs can alter the tropism of AAV vector particles, directing them to the spleen.[@bib23] Here, we explored the role of NAbs on AAV liver transduction both *in vitro* and *in vivo*. We showed that AAV vectors complexed with NAbs can be found in both liver parenchymal and non-parenchymal cells, although they do not result in successful transduction. We also found that a relatively small proportion of adult human subjects carry binding antibodies (BAbs). These antibodies are capable of recognizing the AAV capsid but lack neutralizing capacity. We studied how BAbs influence systemic AAV-mediated gene delivery parameters, including transgene expression levels, vector persistence in the circulatory system, and vector immunogenicity in pre-immunized animals. BAbs have a markedly different effect on AAV vector liver transduction and tissue biodistribution compared to NAbs.

Results {#sec2}
=======

Antibody-Complexed Capsid Is Taken Up by Both Liver Parenchymal and Non-parenchymal Cells {#sec2.1}
-----------------------------------------------------------------------------------------

Circulating antigen-antibody complexes can be directed to the liver and influence the state of the immune reactivity toward a given antigen.[@bib24] Delineating whether and to what extent AAV capsid immune complexes reach this compartment can offer insight into the early stages of immune activation. To clarify this point, we investigated the role of NAbs both in vector uptake by the liver and in the clearance of AAV delivered into the bloodstream. As source of NAbs, we used human intravenous immunoglobulin (IVIg),[@bib25], [@bib26] a reagent previously tested in an anti-AAV8 antibody neutralization assay and displaying high neutralization activity toward AAV vectors even at low concentrations ([Table 1](#tbl1){ref-type="table"}). Wild-type male C57BL/6 mice were passively immunized with IVIg (8 mg/mouse resulting in a NAb titer of ∼1:10; data not shown) or were infused with PBS as control. Twenty-four hours later, all animals received an AAV8 vector expressing the human factor IX transgene (AAV8-FIX) at a dose of 2 × 10^11^ vector genomes (vg)/kg via the intravenous (i.v.) route ([Figure 1](#fig1){ref-type="fig"}A). Viral particle persistence in plasma and circulating FIX transgene expression levels were quantified in samples collected at 3 hr on days 1, 3, 7, and 14 following vector administration ([Figure 1](#fig1){ref-type="fig"}A). Throughout the duration of the study, FIX transgene expression was undetectable in IVIg-immunized animals, indicating that the dose of IVIg used was sufficient to completely neutralize the AAV8-FIX vector ([Figure 1](#fig1){ref-type="fig"}B). In immunized mice, we also observed that viral particles were quickly removed from the circulation, as vector genomes were significantly diminished in blood 3 hr after vector administration and undetectable 3 days later ([Figure 1](#fig1){ref-type="fig"}C). Conversely, vector genomes remained detectable in the circulation of naive animals up to one week post-vector infusion ([Figure 1](#fig1){ref-type="fig"}C). In order to quantify the presence of AAV8 vector genomes in the liver, animals were sacrificed 3 hr and 1, 3, 7, and 14 days post-injection (n = 5/time point; [Figure 1](#fig1){ref-type="fig"}A). Three hours post-injection, the quantity of vector genomes in the liver of IVIg-immunized animals was not significantly different from that of PBS-injected controls ([Figure 1](#fig1){ref-type="fig"}D). However, 24 hr after vector administration, vector genomes were nearly undetectable in livers of pre-immunized mice ([Figure 1](#fig1){ref-type="fig"}D; limit of detection of the assay 0.001 vg/diploid genome). We next performed an experiment in which livers from passively immunized animals and PBS controls were harvested 3 hr post-AAV8-FIX vector delivery, and parenchymal (PC) and non-parenchymal (NPC) cells were analyzed separately ([Figure 2](#fig2){ref-type="fig"}A). As in the previous experiment, vector genomes in plasma were significantly decreased in IVIg-immunized animals following vector delivery ([Figure 2](#fig2){ref-type="fig"}B). Accordingly, vector genomes in PC cells were significantly decreased but still detectable ([Figure 2](#fig2){ref-type="fig"}C). Conversely, in NPC cells, AAV8-FIX genomes were slightly increased in IVIg pre-immunized animals, although not to statistically significant levels ([Figure 2](#fig2){ref-type="fig"}C). These results indicate that, in the presence of NAbs, a significant amount of AAV vector is initially captured in the liver by both PCs and NPCs; however, this does not result in successful hepatocyte transduction.Figure 1Influence of Anti-AAV8 Neutralizing Antibodies on Transgene Expression and Vector Persistence in Blood and Liver(A) Experimental design; red symbols represent timing of blood collection. Sac., sacrifice. (B) FIX transgene plasma levels at 3 hr and 1, 3, 7, and 14 days post-gene transfer (n = 5) are shown. (C and D) Vector persistence in plasma (C) and liver (D) of animals starting at 3 hr post-vector infusion (n = 5/time point) is shown. Statistical significance over the PBS control group was determined using the Mann-Whitney test. \*\*p \< 0.01; \*\*\*p \< 0.001; \*\*\*\*p \< 0.0001; n.s., not significant. Data are represented as mean ± SEM.Figure 2AAV Vector Uptake by Both Liver Parenchymal and Non-parenchymal Cells(A) Experimental design; red symbols represent timing of blood collection. (B) Vector persistence in plasma 3 hr post-vector delivery is shown. (C) Vector genomes determined in liver parenchymal (PC) and non-parenchymal (NPC) cells 3 hr post-AAV8-FIX delivery are shown. The statistical significance over the PBS group was determined by the Mann-Whitney test. \*\*p \< 0.01; \*\*\*p \< 0.001; vg, vector genomes. Data are represented as mean ± SEM.Table 1NAb Titer to AAV8 Measured at Increasing IVIg ConcentrationsIVIg ConcentrationAAV8 NAb Titer (Reciprocal Dilution, 1:x)% of Neutralization at a Given Reciprocal Dilution0 mg/mL\<1:100.0160 mg/mL\<1:16.10.0313 mg/mL\<1:19.30.0625 mg/mL\<1:124.40.125 mg/mL1:156.70.25 mg/mL1:1810.5 mg/mL1:3.1665.31 mg/mL1:3.168650 mg/mL1:31678

NAbs Do Not Completely Block AAV Capsid Uptake *In Vitro* {#sec2.2}
---------------------------------------------------------

Results *in vivo* suggest that, in the presence of NAbs to AAV, the liver plays a role in clearing immune complexes. To better understand this phenomenon, we performed imaging flow cytometry *in vitro* to evaluate the cellular localization and internalization in hepatocytes of AAV vector particles complexed with antibodies. An AAV2 vector expressing luciferase (Luc) was used to infect the murine hepatocyte Hepa 1-6 cell line at an MOI of 10^3^. Vector was pre-incubated with IVIg at concentrations ranging from 0 (NAbs negative control) to 1 mg/mL, resulting in residual Luc expression only at the lowest IVIg concentration (0.0312 mg/mL; [Figure 3](#fig3){ref-type="fig"}A). After one-hour incubation with the vector, cells were washed, fixed, permeabilized, and stained for human immunoglobulin G (hIgG) and AAV2 capsid. The frequency of cells that were positive for intracellular AAV2 was markedly reduced (17% of positive cells) with the highest concentration of IVIg (1 mg/mL). Conversely, when cells were transduced with AAV2 vector incubated without IVIg, they showed higher positivity to the capsid (57% of positive cells; [Figure 3](#fig3){ref-type="fig"}B). However, the frequency of AAV2-positive cells with the intermediate IVIg concentrations (0.25 and 0.125 mg/mL), which completely blocked Luc transgene expression ([Figure 3](#fig3){ref-type="fig"}A), was 54% and 73%, respectively ([Figure 3](#fig3){ref-type="fig"}B). These results indicate that internalization of AAV2 capsid bound to antibodies occurs *in vitro*, except when high concentrations of antibodies are present. The frequency of hIgG-positive cells was identical under all conditions, except for the lowest IVIg concentration ([Figure 3](#fig3){ref-type="fig"}C). This indicates that uncomplexed antibodies were efficiently taken up by the cells, particularly when incubated at the highest concentration. Also, results indicate that the concentrations of purified IgG used were saturating in most conditions ([Figure 3](#fig3){ref-type="fig"}C). Intracellular staining to detect AAV2 capsid resulted in a punctuated signal both in the presence or absence of IVIg ([Figure 3](#fig3){ref-type="fig"}D). Quantification of the area of the AAV capsid spots showed an increase in spot size in the presence of intermediate IVIg concentrations ([Figure 3](#fig3){ref-type="fig"}D), suggesting the presence of intracytoplasmic deposits of antibody-AAV2 immune complexes. In the presence of the highest level of IVIg, we observed a reduction in the size of the intracellular spots (7.79% of spots with a size \>2 a.u.; [Figure 3](#fig3){ref-type="fig"}D). In this condition, the AAV2 epitopes recognized by the antibody used in the assay could be masked from the IVIg molecules. Also, uncomplexed antibodies could compete for the cellular entry with the antibodies bound to the AAV2 capsid. Conversely, with IVIg doses of 0.125 and 0.25 mg/mL, spots positive for AAV2 capsid were readily detectable. Thus, *in vitro* experiments confirm that hepatocytes can internalize the AAV capsid that is bound to neutralizing antibodies, although no transduction occurs.Figure 3Internalization of AAV2 Immune Complexes in a Murine Hepatocyte Cell Line(A) Luciferase transgene expression levels in the presence of different IVIg concentrations. Results are reported as % of maximum signal (0 mg/mL IVIg). (B and C) Frequency of cells positive for AAV2 (B) and human IgG (C) is shown. (D) Detection of the fluorescent spots representing the hIgG and AAV2 capsid internalized in hepatocytes is shown. Representative cell images of hIgG and AAV2 capsid presence in hepatocytes are shown for each IVIg concentration and the corresponding NAb titer. The percentage of the fluorescent spots representing AAV2 capsid that have an average area \>2 (a.u.) is reported. Each experiment shown here was repeated and analyzed at least twice. IVIg, intravenous immunoglobulins. NAb, neutralizing antibody.

Adult Subjects Carry Circulating Neutralizing and Non-neutralizing Antibodies to AAV {#sec2.3}
------------------------------------------------------------------------------------

The impact of NAbs on AAV vector transduction efficiency has already been described.[@bib9], [@bib18] On the other hand, the effect of BAbs with no neutralizing activity is not yet fully characterized. Using a conventional *in vitro* NAb assay,[@bib27] we screened a collection of healthy donor sera (n = 100) and selected those with anti-AAV8 titers below or equal to 1:1 (n = 49/100; [Figure S1](#mmc1){ref-type="supplementary-material"}A). Among these, using an ELISA for anti-AAV8 antibodies, we were able to find a subset of 10 subjects negative for NAbs but carrying anti-AAV8 antibodies at levels significantly higher than that of a cohort of 11 children, aged one year, that were naive to AAV ([Table 2](#tbl2){ref-type="table"}; [Figure S1](#mmc1){ref-type="supplementary-material"}B). To further assess the specificity of these binding antibodies for the AAV8 capsid, we used an ELISA assay in which various lots of AAV8 capsid comprising full, empty, or mixed preparations produced by standard triple transfection,[@bib28] or baculovirus methods,[@bib29] were used to coat the plates ([Figure S2](#mmc1){ref-type="supplementary-material"}A). We analyzed serum samples from three adult subjects containing anti-AAV8 BAbs (Ad-21, Ad-105, and Ad-32; [Table 2](#tbl2){ref-type="table"}) and a pool of these samples. Compared to a seronegative serum (C−) and a serum with high NAb titer (C+), intermediate levels of anti-AAV8 IgG were found in all the BAb samples ([Figure S2](#mmc1){ref-type="supplementary-material"}B). Thus, we confirmed the presence of BAbs in samples from adult healthy donors. Their capacity of binding specifically to AAV8 capsid is unaffected by the virus preparation method.Table 2NAb and IgG Titers to AAV2 and AAV8 in Adults and ChildrenSubject ID No.Age GroupNAb Titer (Reciprocal Dilution, 1:x)IgG (μg/mL)AAV2AAV8AAV2AAV8Ad-58adult\<1:1\<1:10.03.7Ad-56adult1:1\<1:14.43.1Ad-105adult1:1\<1:17.66.5Ad-32adult1:1\<1:13.77.2Ad-89adult1:1\<1:181.217.7Ad-109adult1:100\<1:11.55.6Ad-118adult\<1:1\<1:10.32.2Ad-93adult1:3.16\<1:16.64.8Ad-101adult1:101:129.012.0Ad-21adult1:11:18.76.1Ch-1child1:3.16\<1:10.580.41Ch-2child\<1:1\<1:10.720.73Ch-3child\<1:1\<1:12.011.47Ch-4child1:1\<1:10.130.23Ch-5child\<1:1\<1:10.070.15Ch-6child1:3.16\<1:10.050.07Ch-7child1:11:10.21.10Ch-8child1:1\<1:10.070.18Ch-9child\<1:1\<1:10.250.34Ch-10child\<1:1\<1:10.020.54Ch-11child1:1\<1:1ND0.08[^2]

Non-neutralizing BAbs Enhance *In Vitro* Uptake of AAV Vectors {#sec2.4}
--------------------------------------------------------------

We next sought to compare the effect of anti-AAV BAbs and NAbs on vector internalization *in vitro*. To this aim, imaging flow cytometry was utilized to investigate AAV8 cell entry in the Hepa 1-6 cells in the presence of NAbs or BAbs. An AAV8-Luc vector was incubated one hour at 37°C with pools of human sera containing BAbs, NAbs, pooled sera from children (C), or PBS. Cells were then incubated for two hours with the corresponding immune complexes at an MOI of 10^4^ and then washed, fixed, and stained intracellularly for hIgG and AAV8 capsid. Imaging flow cytometry revealed the presence of AAV8 capsid in all conditions ([Figures 4](#fig4){ref-type="fig"}A and 4B), although to a lower extent when the vector was pre-incubated with NAbs ([Figure 4](#fig4){ref-type="fig"}B). Conversely, in the presence of BAbs, we observed an increased uptake of the virus into the cells compared to that of the children's serum (C) or PBS controls ([Figures 4](#fig4){ref-type="fig"}A and 4B). In all conditions in which human serum was added, similar levels of hIgG were detected intracellularly ([Figure 4](#fig4){ref-type="fig"}C). In a subsequent experiment, we pre-incubated HEK293 cells with NAbs, BAbs, C, or PBS before adding an AAV8 vector expressing luciferase. Data from this experiment showed the highest transgene expression in samples pre-incubated with BAbs compared to that of the other groups ([Figure 4](#fig4){ref-type="fig"}D). Finally, we blocked the Fc receptor using increasing amounts of an anti-human Fc antibody in HEK293 cells. At an MOI of 200, we observed a slight decrease in the cell transduction efficiency in the presence of BAbs with the highest Fc antibody concentration (120 μg; [Figure 4](#fig4){ref-type="fig"}E). Together, these results indicate that BAbs do not prevent cell uptake of AAV vectors; moreover, they suggest that BAbs enhance transduction efficiency *in vitro*.Figure 4Effect of Neutralizing and Non-neutralizing Antibodies on the Entry of AAV8 Vector Particles in Hepa 1-6 and HEK293 Cells(A) Representative images of cells analyzed by imaging flow cytometry. The blue arrows show the presence of AAV8 particles and the red arrows the colocalization of AAV8 particles with human IgG staining. (B) Frequency of cells positive for AAV8 capsid is shown. (C) Frequency of cells positive for human IgG is shown. (D) Luciferase transgene expression (% of RLU) is shown. Statistical significance of BAb over the NAb, C, and PBS group was determined using Student's t test. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001. (E) Fc block experiment is shown. Serum samples diluted 1:36.1 were pre-incubated with increasing concentrations of an anti-hIgG antibody, Fc fragment specific, before adding to the mix an AAV8-luciferase vector. Residual luciferase transgene expression after transduction of HEK293 cells at an MOI of 200 is shown. Data derived from experiments were performed in duplicate. Data are represented as mean ± SEM. BAb, binding antibodies; BF, bright field; C, children naive to AAV8; RLU, relative light units.

Anti-AAV NABs and BAbs Have Opposite Effects on *In Vivo* Liver Transduction {#sec2.5}
----------------------------------------------------------------------------

To explore the effect of NAbs and BAbs *in vivo*, we used a passive immunization model previously described.[@bib30] In this model, wild-type C57BL/6 mice were immunized 24 hr before the i.v. administration of an AAV8 vector encoding for the human FIX transgene, which was given with a dose of 5 × 10^11^ vg/kg ([Figure 5](#fig5){ref-type="fig"}A). Mice were assigned to 4 study cohorts (n = 8 to 10 mice/cohort) as outlined in [Figure 5](#fig5){ref-type="fig"}B. Animals in cohort 1 (BAb) received pooled serum containing anti-AAV8 BAbs; cohort 2 (NAb) received pooled serum with NAbs to AAV8; cohort 3 (C) received pooled serum from naive children (thus negative for both BAbs and Nabs); and cohort 4 (PBS) received PBS only. Animals were followed for four weeks after vector delivery, and plasma was collected at days −7, 1, 2, 3, 8, 15, and 29 in order to measure FIX transgene expression levels ([Figure 5](#fig5){ref-type="fig"}A). Animals carrying anti-AAV8 BAbs showed significantly higher levels of FIX transgene in plasma compared to that of animals pre-treated with NAbs ([Figure 5](#fig5){ref-type="fig"}C). All animals expressed similar levels of transgene at day 29, with the exception of animals pre-immunized with NAb-positive serum, which had levels significantly lower ([Figure 5](#fig5){ref-type="fig"}C). This was confirmed also by quantification of the human FIX transgene mRNA levels in livers harvested at day 29 (data not shown). We next evaluated levels of liver transduction by measuring vector genome copy number. Animals passively immunized with anti-AAV BAbs showed the highest vector genome copy number per diploid genome when compared with all other treatment cohorts ([Figure 5](#fig5){ref-type="fig"}D). Conversely, animals pre-immunized with serum positive for anti-AAV8 NAbs displayed the lowest levels of liver transduction ([Figure 5](#fig5){ref-type="fig"}D). An ∼20% decrease in liver transduction was observed in animals passively immunized with children's sera (C) compared to the PBS control ([Figure 5](#fig5){ref-type="fig"}D). These results indicate that BAbs to AAV vectors do not affect AAV transduction of the liver and seem to skew vector genome biodistribution to this organ.Figure 5Liver Transduction Profile in Mice Passively Immunized with Pre-existing Neutralizing or Non-neutralizing Antibodies(A) Experimental design; red symbols represent timing of blood collection. (B) Treatment cohorts are shown. (C) FIX transgene expression levels assessed by ELISA are shown to be eliminated. Results are shown as % of PBS treated. (D) Vector genome copy number per diploid genome in the liver of animals by qPCR at the time of sacrifice is shown. Statistical significance of BAb over the NAb, C, and PBS group was determined using Student's t test. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001. Data are represented as mean ± SEM.

NAbs and BAbs Have a Markedly Different Effect on AAV Vector Biodistribution {#sec2.6}
----------------------------------------------------------------------------

At the time of sacrifice (day 29; [Figure 5](#fig5){ref-type="fig"}A), mouse tissues were collected to evaluate the impact of anti-AAV NAbs and BAbs on vector biodistribution. Mice passively immunized with pooled serum containing anti-AAV8 NAbs showed lower levels of transduction in liver, lungs, and skeletal muscle than animals passively immunized with naive children's serum ([Figures 5](#fig5){ref-type="fig"}D, [6](#fig6){ref-type="fig"}A, and 6B). The presence of NAbs resulted in slightly elevated levels of vector genomes in spleen and lymph nodes ([Figures 6](#fig6){ref-type="fig"}C and 6D). Conversely, animals passively immunized with anti-AAV8 BAbs showed slightly higher vector genome copy number in skeletal muscle when compared with animals immunized with pooled serum from naive children (C) and PBS controls ([Figure 6](#fig6){ref-type="fig"}B). Together, these results indicate that NAbs and BAbs have opposite effects on vector biodistribution. Whereas NAbs direct the virus mostly toward lymphoid organs, BAbs appear to direct it mostly to liver and skeletal muscle. Next, we performed qPCR on blood samples from animals at days 1, 2, 3, and 8 post-AAV vector administration ([Figure 5](#fig5){ref-type="fig"}A) to evaluate vector genome presence in the bloodstream. We observed a longer persistence of vector genomes in the presence of BAbs compared with NAbs, similar to that of C and PBS controls ([Figure 7](#fig7){ref-type="fig"}A). Starting from day 3 post-AAV infusion, vector genome levels in plasma were dramatically reduced in all the groups and became undetectable one week post-injection ([Figure 7](#fig7){ref-type="fig"}A). To further investigate the effect of the pre-existing antibodies early after AAV vector administration, we pre-treated mice with pooled serum containing NAbs, BAbs, naive serum (C), or PBS in order to assess the vector biodistribution and clearance after 3 hr and one day post-injection ([Figures S3](#mmc1){ref-type="supplementary-material"}A and S3B). Although we observed no differences in terms of vector clearance after 3 hr ([Figure S3](#mmc1){ref-type="supplementary-material"}C), 24 hr later, vector was cleared from the circulation in the NAb group only, confirming previous results ([Figure 7](#fig7){ref-type="fig"}A). Moreover, biodistribution data after 24 hr post-injection showed AAV8 vector genome accumulation in the liver of animals pre-treated with BAbs ([Figure S3](#mmc1){ref-type="supplementary-material"}D), similar to that in the group that received naive serum from children (C). In the other organs analyzed ([Figures S3](#mmc1){ref-type="supplementary-material"}E--S3H), vector biodistribution followed a similar pattern to that observed on day 29 ([Figure 6](#fig6){ref-type="fig"}). These results show that BAbs, unlike NABs, are not detrimental to AAV transduction.Figure 6Biodistribution of AAV8 Vector after Systemic Delivery in Mice Passively Immunized with Neutralizing or Non-neutralizing AntibodiesVector genome copy number in various tissues was determined. (A) Lungs are shown. (B) Skeletal muscle is shown. (C) Spleen is shown. (D) Inguinal lymph nodes are shown. Statistical significance of BAb over the NAb, C, and PBS group was determined using Student's t test. \*p \< 0.05; \*\*\*p \< 0.0001. TA, tibialis anterior. Data are represented as mean ± SEM.Figure 7Persistence of AAV8 Vector in the Bloodstream of Mice Harboring Pre-existing Neutralizing or Non-neutralizing Antibodies and Evaluation of the Anti-AAV8 Capsid Humoral Immune Response(A) Clearance of vector genomes from plasma over time. (B) Total anti-AAV8 capsid murine IgG (mIgG) at the time of sacrifice is shown. (C) Anti-AAV8 neutralizing antibodies at the time of sacrifice are shown. Statistical significance of BAb over the NAb, C, and PBS group was determined using Student's t test. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001. Data are represented as mean ± SEM.

Pre-existing Antibodies Result in Decreased Humoral Immune Responses following AAV Vector Administration {#sec2.7}
--------------------------------------------------------------------------------------------------------

Immune responses mounted against a given antigen can be shaped by the presence of pre-existing antibodies reactive toward that antigen.[@bib31], [@bib32] In mice passively immunized with pooled human sera samples prior to AAV8 administration ([Figure 5](#fig5){ref-type="fig"}A), we measured antibody-mediated immune response against the vector capsid by analyzing immunoglobulin content in plasma samples at the time of sacrifice (day 29). Total mouse IgG (mIgG) was quantified by an ELISA assay[@bib27] and appeared to be reduced in animals immunized with either NAbs or BAbs ([Figure 7](#fig7){ref-type="fig"}B). Similarly, we revealed that the presence of pre-existing antibodies was associated with decreased neutralizing antibody response following AAV vector administration ([Figure 7](#fig7){ref-type="fig"}C). The average NAb titer at one month post-vector infusion in naive animals was 1:339, whereas the average NAb titer in mice with pre-existing BAbs or NAbs was 1:28 and 1:65, respectively ([Figure 7](#fig7){ref-type="fig"}C). No apparent significant change in the frequency of CD4+ and CD8+ T cells infiltrating the liver of injected animals was noted across the different treatments ([Figure S4](#mmc1){ref-type="supplementary-material"}). These results suggest that the presence of pre-existing anti-capsid antibodies can influence the immunogenicity of AAV vectors.

Discussion {#sec3}
==========

Despite accumulating successes with AAV-mediated gene transfer,[@bib7], [@bib10], [@bib11], [@bib12], [@bib33], [@bib34], [@bib35] pre-existing humoral immunity to the viral capsid remains a critical obstacle to the widespread use of this technology. Here, we presented a detailed characterization of the effect of both neutralizing and binding antibodies on AAV transduction *in vitro* and *in vivo*. We focused on the liver as a target for gene therapy, based on the recent success of clinical trials targeting this organ.[@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib36] Previous studies were focused on the role of NAbs directed to AAV, showing that even low antibody titers result in lack of liver transduction[@bib18], [@bib37] and localization of vector genomes to lymphoid organs.[@bib23] One caveat of these studies is that vector biodistribution was analyzed several weeks post-vector infusion, thus failing to provide details on early vector biodistribution and clearance. Here, we focused on the fate of AAV vectors shortly after intravenous administration to mice with circulating neutralizing antibodies. In this setting, we demonstrated that vector genome accumulates in the liver, both in parenchymal and non-parenchymal cells, within a few hours from vector infusion. Given the role of the liver in both innate and adaptive immunity, this result is not entirely surprising, as it may simply reflect the natural clearance of the antibody-bound virus.[@bib38], [@bib39] Starting from one day post-injection, we observed a drastic reduction in vector genome copies in liver, probably due to the recruitment of the blood immune cells that mediate the clearance of the virus. We next explored the uptake of AAV-antibody complexes *in vitro* in Hepa 1-6 cells, showing that hepatocytes can internalize AAV vectors in the presence of NAbs, although this does not give rise to transgene expression. The lack of expression supports the possibility of an intracellular immunity that can mediate a post-entry virus neutralization, a mechanism previously described for other viruses.[@bib40]

Here, we also identified a relatively small percentage of healthy humans naturally harboring low-titer antibodies that bind to AAV (BAbs), which are not neutralizing. Differently from what was observed in the presence of NAbs, AAV8 particles pre-incubated with BAbs showed enhanced transduction efficiency *in vitro*. This effect of BAbs was partially lost upon treatment of cells with an anti-Fc antibody. However, the possible role of the Fc receptor in the uptake of AAV-BAb complexes will need to be clarified *in vivo*, in the context of the immune system. *In vivo*, BAbs appeared to drive an increased localization of vector genomes in liver. Conversely, NAbs prevented vector transduction of liver and other tissues and, as with previous findings,[@bib23] resulted in a slight increase in AAV8 vector genome deposition in spleen and lymph nodes. Despite the higher vector gene copy number in liver, BAbs did not seem to have an impact on transgene expression levels. Whether this discrepancy is due to the accumulation of non-functional vector genomes in hepatocytes, uptake by non-parenchymal cells, or simply lack of sensitivity of the assay used to measure transgene expression remains to be studied. The origin of BAbs is unknown. We postulate that a non-neutralizing antibody response to AAV capsid could be generated by at least two means: (1) a primary encounter with wild-type AAV that would lead to the production of a BAb repertoire, non-neutralizing, as a consequence of the parameters of infection, or (2) the antibodies originating from a primary infection, capable of neutralizing the serotype encountered, could cross-react with other serotypes to a certain degree but would lack neutralizing capacity. The frequency of subjects harboring BAbs is hard to define, as also subjects with high-titer neutralizing antibodies may carry BAbs. The differential impact of anti-AAV8 NAbs and BAbs on vector transduction and biodistribution have clinical relevance, in particular for the prescreening of subjects prior to enrollment in AAV gene therapy trials. Our findings indicate that neutralizing assays[@bib22] should always be used to prescreen subjects at enrollment in clinical trials, particularly when the intended route of vector administration is systemic. The use of a dual-assay strategy based on neutralization and binding assays has been proposed to identify subjects seronegative to AAV.[@bib41] This is an acceptable approach to patient screening, as NAbs generally correlate to total IgG binding to AAV.[@bib42] However, our data indicate that NAb assays should be preferred over the use of binding assays, as they are better predictive of the potential outcome of gene transfer. An intriguing finding of our work is that anti-capsid antibody responses in mice harboring pre-existing AAV8 antibodies, either NAbs or BAbs, were attenuated upon AAV8-mediated gene transfer compared to PBS controls. This may be the result of virus-specific antibodies possessing the capacity of masking capsid epitopes from recognition by B cell antigen receptors.[@bib9], [@bib22] The work presented here is limited to *in vivo* studies conducted with human antibodies in mice; future work will be aimed at conducting similar studies with species-specific antibodies, in order to better elucidate the effect of pre-existing antibodies in the context of a primed immune system. Future studies will have also to address whether AAV8-specific BAbs and NAbs retain distinct abilities to activate antibody-dependent complement, which can influence viral clearance from the blood,[@bib43] as well as neutralizing capacity of antibodies.[@bib44] Similarly, the impact of anti-AAV antibodies on the therapeutic efficacy of different AAV serotypes remains to be elucidated. Here, we focused our *in vivo* work on AAV8, as this serotype has been extensively studied in the setting of liver gene transfer.[@bib7], [@bib8], [@bib45] In conclusion, this study illustrates the diverse, opposite roles of anti-capsid neutralizing and binding antibodies to AAV vectors in systemic gene transfer. Delineating the distinct characteristics of these antibodies will help better understand the parameters influencing the efficiency of AAV vector transduction in patients.

Materials and Methods {#sec4}
=====================

AAV Vectors {#sec4.1}
-----------

AAV vectors were prepared as previously described.[@bib28] Genome-containing vectors were produced in roller bottles following a triple transfection protocol with cesium chloride gradient purification.[@bib28] The AAV vector titration was performed by real-time PCR (qPCR) performed in ABI PRISM 7900 HT Sequence Detector using Absolute ROX mix (Taqman, Thermo Fisher Scientific, Waltham, MA), except for empty capsids that were titered by SDS-PAGE followed by silver staining and quantification by densitometry against an AAV capsid used as a standard. Baculovirus vector preparations were produced as described and purified by immunoaffinity column.[@bib29] For the *in vitro* neutralization assay, an AAV8 vector encoding for luciferase (AAV8-Luc) was used as reporter as previously described.[@bib27] The AAV vectors used in the *in vivo* experiments expressed human FIX under the control of a liver-specific promoter.[@bib9], [@bib46]

Cell Culture {#sec4.2}
------------

Hepa 1-6 (ATCC CRL-1830) and HEK293 cell line (ATCC CRL-1573) were maintained under 37°C, 5% CO~2~ condition in DMEM supplemented with 10% FBS, 2 mM GlutaMAX (Thermo Fisher Scientific, Waltham, MA). The 2V6.11 cells (ATCC CRL-2784) were maintained under the same conditions and used for the AAV neutralization assay.

Human Serum Samples {#sec4.3}
-------------------

All samples from adult donors were obtained from the bio-collection (agreement no. DC-2014-2293) of Rouen University Hospital, Rouen (France). Serum samples from children aged one year were purchased from Seralab International (West Sussex, UK). All samples were de-identified and collected according to the local regulations.

Animal Studies {#sec4.4}
--------------

Animal protocols were approved by Genethon's Ethical Committee and conducted by certified operators according to the guidelines and laws regulating animal experimentation under agreement number CE12-037. In all experiments, male C57BL/6 mice aged 6--8 weeks were used. Animals were passively immunized by intraperitoneal injection with 8 mg of IVIg (Octapharma, Lingolsheim, France) in a final volume of 100 μL. After 24 hr, mice received an AAV8 vector by tail vein route. For studies employing human serum, passive immunization was performed by delivering the test serum in a volume of 100 μL 24 hr prior to vector administration. Blood samples were collected from the retro-orbital plexus in heparin-coated capillary tubes (Sarstedt, Nümbrecht, Germany). At euthanasia, tissues were collected and snap frozen for additional studies. For the isolation of liver parenchymal and non-parenchymal cells, mouse livers were harvested 3 hr after AAV8 injection, and cells were obtained as previously described.[@bib47]

Human FIX ELISA {#sec4.5}
---------------

Human FIX antigen and protein levels in mouse plasma were evaluated as previously described.[@bib30] The capture and secondary antibodies for the ELISA assay were purchased from Thermo Scientific (ref. MA1-43012) and Cedarlane (ref. CL20040APHP), respectively.

AAV Antibody Assays {#sec4.6}
-------------------

The neutralizing antibody assay was performed as previously described.[@bib27] Anti-AAV Ig capture assay was performed as previously described.[@bib14], [@bib30] Briefly, plates were coated with AAV2 or AAV8 capsid (1 × 10^10^ vg/mL; 50 μL per well), blocked with PBS with 6% non-fat dry milk, and serum or plasma samples added to the wells in duplicate.

Vector Genome Copy Number {#sec4.7}
-------------------------

Vector genome copy number was determined using a qPCR assay with primers and probes specific for the liver promoter and the FIX transgene for biodistribution studies and vector clearance, respectively. The promoter-specific primers and the probe (forward primer 5′-GGCGGGCGACTCAGATC-3′, reverse primer 5′-GGGAGGCTGCTGGTGAATATT-3′, probe \[FAM\] 5′-AGCCCCTGTTTGCTCCTCC GATAACTG-3′ \[TAMRA\]) were synthesized by Thermo Scientific (Waltham, MA, USA). The FIX-specific primers (forward primer 5′-ATGACTTCACTCGGGTTGTTGG-3′, reverse primer 5′-AGCCTCCACAGAATGCATCAAC-3′, probe \[FAM\] 5′-CCCTTGGCAG GTTGTTTTGA-3′ \[TAMRA\]) were all synthesized and purchased from Sigma Aldrich (Saint-Quentin Fallavier, France). Mouse Titin was used as a normalizing gene (forward primer 5′-AAAACGAGCAGTGACGTGAGC-3′, reverse primer 5′-TTCAGTCATGCT GCTAGCGC-3′, probe \[VIC\] 5′- TGCACGGAAGCGTCTCGTCTCAGTC-3′ \[TAMRA\] synthesized by Thermo Scientific \[Waltham, MA, USA\]). DNA from tissues was extracted after whole-organ homogenization using the automated system MagNA Pure MP96 instrument (Roche Diagnostics, Meylan, France). Vector DNA present in plasma was diluted (10 μL of plasma diluted 50-fold in RNase/DNase free water) prior to use in a Q-PCR (i.e., 0.2 μL of plasma per Q-PCR reaction). Each sample was tested in triplicate, and genome copy number per diploid genome was determined against a standard curve made of linearized plasmid or AAV8-hFIX vector diluted in mouse plasma for biodistribution and virus clearance, respectively.

Detection of T Cell Infiltrates in Liver Samples {#sec4.8}
------------------------------------------------

Detection of CD4 and CD8 T cell infiltrates in the liver was performed by qPCR. Briefly, total RNA was extracted from frozen liver tissue by using the MagNA Pure 96 RNA extraction kit (Roche Diagnosis, Basel, Switzerland) according to manufacturer's instructions. Total RNA was reverse-transcribed using random hexamers and the RevertAid H minus first strand cDNA synthesis kit (Thermo Fisher Scientific, Waltham, MA). qRT-PCR was performed using SybrGreen (Thermo Fisher Scientific, Waltham, MA) with primers specific for CD4, forward 5′-GGTTCGGCATGACACTCT-3′, reverse 5′-CTGACTCTCCCTCACTCTTATAG-3′; CD8, forward 5′-ATCACTCTCATCTG CTACC-3′, reverse 5′-GCCTTCCTGTCTGACTAG-3′; and GAPDH, forward 5′-CATGGC CTTCCGTGTTCCTA-3′, reverse 5′-GCGGCACGTCAGATCCA-3′. Expression levels were normalized for the level of expression of GAPDH (ΔCt) and then to the average level measured in control group (ΔΔCt). By using this method, a ΔΔCt of 1 corresponds to one cycle difference in the expression levels measured by RT-PCR, and this corresponds to a two-fold difference in the RNA expression.

Imaging Flow Cytometry {#sec4.9}
----------------------

AAV vector was incubated with various amounts of IVIg (1, 0.25, 0.125, and 0.03125 mg/mL) or pooled serum samples and incubated at 37°C for 60 min. Immune complexes were added to Hepa 1-6 cells seeded on a 12-well plate at an MOI of either 10^3^ (AAV2) or 10^4^ (AAV8), and cells were placed at 37°C for 1 hr (AAV2) or 2 hr (AAV8). Cells were then trypsinized, washed, fixed, and permeabilized using the FIX and PERM kit from Thermo Scientific (Waltham, MA). The monoclonal antibodies A20 (Progen Biotechnik, Heidelberg, Germany) and ADK8/9 (Progen Biotechnik, Heidelberg, Germany) were used at a dilution of 1:50 in permeabilization buffer to detect intracellular AAV2 and AAV8 capsid, respectively. A rat anti-mouse IgG Alexa-Fluor-594-conjugated secondary antibody (Thermo Scientific, Waltham, MA) was used at a dilution of 1:200 in PBS 0.5% BSA. An Alexa-488-conjugated goat anti-human IgG antibody (Thermo Scientific, Waltham, MA) was used to detect internalized hIgG. After staining, cells were acquired on an Amnis Image Stream (EMD Millipore, Fontenay sous Bois, France) and analyzed using the INSPIRE software (EMD Millipore, Fontenay sous Bois, France). To quantify AAV capsid and hIgG internalization, the spot count feature was used to enumerate the number of fluorescent puncta per cell.

Statistical Analysis {#sec4.10}
--------------------

Statistical analyses were performed using GraphPad Prism v7 (GraphPad Software, La Jolla, CA). Data are presented as the mean ± SEM or SD. Statistical analyses were performed by using Mann-Whitney unpaired test or 1-way ANOVA, and significance was determined at p less than 0.05.
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